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Regulation of the opposing kinesin and dynein 
motors that drive axonal transport is essential to 
maintain neuronal homeostasis. Here, we examine 
coordination of motor activity by the scaffolding protein 
JNK-interacting protein 1 (JIP1 ), which we find is required 
for long-range anterograde and retrograde amyloid pre- 
cursor protein (APP) motility in axons. We identify novel 
interactions between JIP1 and kinesin heavy chain (KHC) 
that relieve KHC autoinhibition, activating motor function in 
single molecule assays. The direct binding of the dynactin 



subunit pl50 Glued to JIP1 competitively inhibits KHC acti- 
vation in vitro and disrupts the transport of APP in neurons. 
Together, these experiments support a model whereby 
JIP1 coordinates APP transport by switching between an- 
terograde and retrograde motile complexes. We find that 
mutations in the JNK-dependent phosphorylation site S421 
in JIP1 alter both KHC activation in vitro and the direction- 
ality of APP transport in neurons. Thus phosphorylation of 
S421 of JIP1 serves as a molecular switch to regulate the 
direction of APP transport in neurons. 



Introduction 

Targeted long-distance transport of proteins and organelles is 
critical in neurons, which extend polarized axons of up to one 
meter long in humans. In axons, the family of anterograde kine- 
sin motors and the retrograde dynein motor transport cargos 
on microtubule tracks of uniform polarity. These cargos include 
synaptic vesicles, signaling endosomes, lysosomes, RNA gran- 
ules, and mitochondria (Hirokawa et al., 2010). 

Constitutive transport of axonal cargos can either be 
bidirectional, characterized by saltatory or frequent back and 
forth movement, or highly processive, characterized by long run 
lengths and high speeds. For example, mitochondria (Morris 
and Hollenbeck, 1993) and late endosomes/lysosomes (Hendricks 
et al., 2010) often move bidirectionally along axons, with short 
runs in either direction punctuated by frequent directional switches. 
In contrast, autophagosomes display highly processive and uni- 
directional retrograde motility along axons (Maday et al., 2012). 

Three models have been proposed to explain how net 
direction of microtubule-based transport is determined at a 
molecular level (Gross, 2004; Welte, 2004). In the first model, 
only anterograde or retrograde motors can bind to a cargo at any 
given time. However, both in vitro and cellular studies suggest 
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that opposing motors can bind simultaneously to cargos (Soppina 
et al., 2009; Hendricks et al, 2010; Encalada et al., 201 1; Maday 
et al., 2012). In a tug-of-war model, opposing kinesin and dynein 
motors can bind simultaneously to cargo and drive motility toward 
either the microtubule plus or minus end in a stochastic and un- 
regulated manner (Miiller et al., 2008; Hendricks et al., 2010). 
In this model, net direction of transport is determined by which 
set of motors exerts the most force at any given time; frequent 
directional switches are predicted, consistent with the motility 
of bidirectional cargos. In contrast, in the third, coordination 
model, a cargo-bound adaptor regulates the activity of one or both 
motors, leading to processive motility along the microtubule, with 
few directional changes. 

To understand how the activity of opposing kinesin and 
dynein motors may be coordinated during axonal transport, we 
turned to the vesicular transmembrane protein amyloid precur- 
sor protein (APP). Axonal transport of APP is highly proces- 
sive, with fast velocities and long run lengths in both anterograde 
and retrograde directions (Kaether et al., 2000; Falzone et al., 
2009). Impaired axonal transport of APP correlates with increased 
production of amyloid-L3, an APP cleavage product that aggre- 
gates to form senile plaques in Alzheimer's disease (Stokin et al., 
2005). Despite this relationship between dysfunctional APP 
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Figure 1 . JIP1 knockdown disrupts both anterograde and retrograde transport of APP-positive vesicles. (A) Representative images and line scans of APP- 
YFP intensity show that JlPl-knockdown DRGs contain fewer APP-positive vesicles in the axon than control DRGs. (B) JIP1 knockdown in DRGs significantly 
decreased the number of APP-positive vesicles in the axon. Control, 0.85 ± 0.08/ urn; JIP1 siRNA, 0.36 ± 0.04/pm. (B-F) Data represent three independent 
experiments (n = 15-23 neurons). (C) Kymographs of APP-YFP motility in DRG transfected with siRNA against JIP1 . Kymographs represent cumulative 
organelle movement (displacement on the x-axis] over time (y-axis]. Arrested vesicles appear as vertical lines, whereas motile vesicles appear as diagonal 
lines toward either the right (anterograde) or left (retrograde). Bars: (horizontal) 5 pm; (vertical) 15 s. (D) JIP1 depletion significantly alters the directional 
distribution of APP-positive vesicles, causing decreases in the percentages of anterograde and retrograde vesicles and an increase in the percentage of 
arrested vesicles. Transport changes induced by JIP1 depletion are fully rescued by expression of a human JIP1 cDNA resistant to the siRNA. (E and F) JIP1 
depletion significantly decreases mean run lengths and speeds of APP-positive vesicles in both anterograde and retrograde directions. Means represent only 
vesicles categorized as motile (i.e., anterograde or retrograde in D). Error bars show the mean ± SEM; *, P < 0.05; **, P < 0.01 ; ***, P < 0.001 . 



trafficking and disease pathology, the molecular mechanisms 
that regulate APP transport in neurons are not yet understood. 

Anterograde APP transport is mediated via direct binding 
(Matsuda et al., 2001; Scheinfeld et al., 2002) to the scaffolding 
protein JNK-interacting protein 1 (JIP1; Muresan and Muresan, 
2005b). JIP1 was originally identified for its ability to recruit mul- 
tiple kinases in the JNK pathway (Dickens et al., 1997). Genetic 
studies suggest that JIP1 regulates constitutive axonal transport 
(Horiuchi et al., 2005), whereas the structurally unrelated scaf- 
folding protein JIP3 (Whitmarsh, 2006; Koushika, 2008) plays 
a role in injury signaling (Cavalli et al., 2005; Abe et al., 2009). 
Conventional Kinesin-1 is a heterotetramer consisting of the 
adaptor protein kinesin light chain (KLC) and the motor protein 
kinesin heavy chain (KHC or KIF5). JIP1 directly binds to KLC 
via a conserved 11-aa motif at the C terminus (Verhey et al., 
2001). However, this binding domain is insufficient to activate 
KHC-mediated anterograde transport (Kawano et al., 2012), sug- 
gesting that additional interactions may be responsible for KHC 
activation in APP transport. Furthermore, though axonal trans- 
port of APP occurs in both anterograde and retrograde directions, 
neither the mechanism underlying its retrograde transport nor the 
switch regulating its directionality are currently known. 

Here, we show that knockdown of JIP1 leads to severe 
deficits in both anterograde and retrograde axonal transport of 
APP in primary neurons. We identify novel, KLC-independent 
interactions between JIP1 and KHC and show via single mole- 
cule motility assays that JIP1 binding activates KHC motility in 
vitro. Furthermore, we identify another novel JIP1 interactor, 
pl50 Glued , a subunit of the retrograde dynein-dynactin complex. 



pl50 competitively inhibits the JiPl-mediated enhancement 
of KHC processivity in vitro and disrupts anterograde APP axo- 
nal transport. Furthermore, mutations at a JNK-dependent phos- 
phorylation site in JIP1 (S421) alter KHC activation in vitro and 
the directionality of APP transport in neurons. Together, these 
experiments establish JIP1 as a coordinator of anterograde and 
retrograde motor activity whose regulation by phosphorylation 
determines the directionality of the axonal transport of APP. 

Results 

JIP1 knockdown disrupts both anterograde 
and retrograde axonal transport of APP 

To probe the role of JIPl in the regulation of axonal transport, 
we depleted JIPl expression using targeted siRNA. Because pri- 
mary neurons have low levels of transfection, we first tested the 
efficiency of our siRNA in the CAD mouse neuronal cell line, 
whose ability to extend long neurites upon differentiation by 
serum deprivation has been exploited to study polarized neu- 
ronal transport (Blasius et al., 2007). At 48 h after transfection, 
our siRNA depleted endogenous JIPl by more than 90% when 
assessed by immunostaining and Western blotting, with no com- 
pensatory changes in motor protein expression (Fig. SI, A and B). 
In addition, a sequence-specific scrambled siRNA had no off- 
target effects on APP transport (Fig. SI C). 

Next, we knocked down JIPl in primary mouse dorsal root 
ganglion (DRG) sensory neurons that extend elongated axons 
with uniform microtubule polarity and have been previously 
used to study APP axonal function (Nikolaev et al., 2009). Using 
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Figure 2. JIP1 binds directly to both stalk and 
tail domains of KHC independently of KLC. 

(A] JIP1 coimmunoprecipitates with KHC in 
mouse brain homogenate. A monoclonal JIP1 
antibody immunoprecipitates the expected 
1 10-kD band as well as a 90-kD band that 
likely represents a splice isoform. Both bands 
are also recognized by multiple JIP1 mono- 
clonal antibodies (R&D Systems and BD). 

(B) Schematics of KHC (KIF5C) and JIP1 con- 
structs and summary of mapping results. JIP1 
contains JBD (JNK-binding domain], SH3 (src 
homology), and PTB domains. (C) JIP1 binds 
to both stalk and tail domains of KHC. Lysates 
from COS7 cells cotransfected with myc-JIPl 
and GFP-KHC fragments were immunopre- 
cipitated with an anti-myc antibody. (D) JIP1 
binds directly to KHC stalk. Purified His-JIPl 
incubated with glutathione beads bound to 
either GST or GST-KHC-stalk (aa 560-682] 
selectively bound to GST-KHC-stalk but not 
GST. (E) JIP1 binds directly to KHC tail. Puri- 
fied His-KHC-tail (KIF5B aa 823-944] with or 
without His-JIPl was coincubated with anti-JIPl 
antibody, which specifically coimmunoprecipi- 
tated His-KHC-tail. (F) KHC stalk binds to the 
C terminus of JIP1 independently of KLC. Lysates 
from COS7 cells cotransfected with GFP-KHC- 
stalk and myc-JIPl fragments were immunopre- 
cipitated with an anti-myc antibody. KHC stalk 
coimmunoprecipitated with myc-JIPl [554- 
71 1] (myc-JIPl -SBD). Asterisk shows antibody 
light chain bands. (G) KHC tail binds to J IP 1 
independently of KLC. Lysates from COS7 cells 
transfected with GFP-KHC-tail and myc-JIPl 
fragments were immunoprecipitated with an 
anti-myc antibody. KHC tail coimmunoprecipi- 
tated with myc-JIPl [285-440] (myc-JIPl-TBD). 
Asterisk shows antibody heavy chain bands. 



fluorescent siRNA to identify JIP1 -depleted cells, we imaged 
APP-YFP-positive axons and observed a striking ^60% de- 
crease in the number of APP-positive vesicles (Fig. 1, A and B). 
This dearth of APP-positive vesicles likely represents the cu- 
mulative effect of a shift in the steady state of vesicles entering 
or exiting the axon, perhaps resulting from changes in antero- 
grade and retrograde transport. 

Next, using kymograph analysis, we classified APP- 
positive vesicles as anterograde, retrograde, or non-motile. Whereas 
control neurons exhibited robust APP transport, JIP1 -depleted 
neurons displayed decreases of >50% and 30% in anterograde 
and retrograde APP motility, respectively, with a doubling of the 
percentage of non-motile vesicles (Fig. 1, C and D; and Video 1). 
CAD cells depleted of JIP1 also showed similar changes in APP 
motility (Fig. SID). Importantly, these alterations in APP trans- 
port are a targeted and specific effect of endogenous mouse 
JIP1 knockdown as both anterograde and retrograde motility 
are fully rescued by a bicistronic construct coexpressing siRNA- 
resistant human JIP1 and the transfection marker BFP (Fig. 1 D). 
In addition, APP-positive vesicles that remain motile in JIP1- 
knockdown neurons exhibited decreases in both anterograde 
and retrograde run length and speed (Fig. 1, E and F). The com- 
mensurate shift to arrested motility as well as decreases in speed 
and run length in JIP1 -depleted neurons indicate that APP- 
positive vesicles are impaired in their ability to sustain processive 
runs in the absence of JIP1. 



Direct binding of JIP1 to KHC stalk and 
tail is independent of KLC 

The transport changes that we observed upon JIPl depletion 
were consistent with a role for JIPl in the formation and mainte- 
nance of a functional transport complex. Interestingly, recent 
experiments suggest that binding of KLC to JIPl is insufficient 
for transport initiation (Kawano et al., 2012). Thus, we tested for 
additional interactions between JIPl and Kinesin-l by perform- 
ing coimmunoprecipitations using mouse brain homogenate. An 
anti-JIPl antibody coimmunoprecipitated KHC and a monoclo- 
nal anti-KHC antibody that recognizes the KHC head region 
robustly coimmunoprecipitated JIPl (Fig. 2 A). Interestingly, the 
anti-KHC imrnunoprecipitation concentrated an ^420-kD JIPl 
band, which is found at very low levels in the brain homogenate 
and may represent a posttranslationally modified form of JIPl. 

To map the KHC domains that interact with JIPl, we co- 
transfected full-length myc-JIPl along with GFP-KHC frag- 
ments (Konishi and Setou, 2009) into COS7 cells. Of the three 
mammalian KHCs, KIF5B is ubiquitously expressed, whereas 
KIF5A and KIF5C are enriched in neurons (Kanai et al., 2000); 
thus we used KIF5C constructs in this study. Immunoprecipi- 
tations revealed that both KHC stalk and tail regions can bind 
independently to JIPl, whereas the KHC head region contain- 
ing the motor domain does not (Fig. 2, B and C). Using purified 
recombinant proteins, we demonstrated these interactions are 
direct, and further refined the KHC binding domains. Full-length 
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Figure 3. JIP1 binding relieves KHC autoinhi- 
bition in in vitro TIRF motility assays. (A) Sche- 
matic of in vitro TIRF motility assay. Lysate from 
COS7 cells transfected with KHC-Halo and in- 
cubated with red fluorescent TMR ligand was 
combined with lysate from cells expressing 
myc-JIPl constructs and applied to flow cham- 
bers containing green fluorescent microtubules, 
which were immobilized on glass coverslips 
with anti-tubulin antibody. KHC-Halo motility 
was imaged using a TIRF microscope. (B) Time- 
lapsed images acquired from a flow chamber 
containing KHC-Halo (red) lysate alone (left) 
show a brief non-motile binding event (arrow- 
heads) to a microtubule (green). Images from 
a flow chamber containing KHC-Halo and 
myc-JIPl lysates (right) show processive move- 
ment (arrowheads) along the microtubule. 
(C) Representative kymographs show activa- 
tion of KHC-Halo by full-length JIP1, JIP1-TBD, 
or JIP1-SBD. 100 total frames (~33 s) are 
shown. (D) Addition of full-length J I P 1 , JIP1- 
TBD, and JIP1 -SBD increases the run frequency 
of full-length KHC-Halo. The absolute number 
of runs per 10 urn of microtubule was normal- 
ized to the KHC-Halo +JIP1 condition for each 
experiment. (D-G) Data represent three or 
more independent experiments per condition 
(n = 52-181 microtubules and n = 109-758 
runs) and statistical comparisons were made 
relative to the KHC-Halo alone (no J I P 1 ) condi- 
tion unless otherwise indicated. (E) Addition of 
full-length JIP1 or JIP1-TBD increases the relative 
frequency of non-motile microtubule-binding 
events by full-length KHC-Halo. The number 
of non-motile binding events per 10 urn micro- 
tubule length was normalized relative to the 
KHC-Halo +JIP1 condition for each indepen- 
dent experiment. (F) Addition of full-length 
JIP1, JIP1-TBD or JIP1-SBD increases KHC- 
Halo run lengths. (G) Addition of full-length 
JIP1 or JIP1-SBD but not JIP1-TBD increases 
speed of KHC-Halo runs. Error bars show 
the mean ± SEM; *, P < 0.05; **, P < 0.01 ; 
P< 0.001. 
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His-JIPl (Fig. S2 A) binds independently to both GST-KHC-stalk 
(aa 560-682) and His-KHC-tail (aa 823-944; Fig. 2, B, D, and E). 
Moreover, neither of the recombinant KHC stalk or tail con- 
structs include the KLC-binding domain of KHC (aa 682-810; 
Verhey et al., 1998), further indicating that the binding of JIP1 
to KHC is independent of KLC. 

To map the KHC binding sites within JIP1, we transfected 
either GFP-KHC-stalk or -tail along with myc-JIPl fragments 
into COS7 cells. Immunoprecipitations against myc-JIPl [SOT- 
TOO], a truncated JIP1 construct missing the 11 -aa C-terminal 
KLC-binding domain (KLC-BD), demonstrate robust binding to 
both KHC stalk and tail (Fig. 2, F and G), confirming that KHC 
binds JIP1 independently of KLC. In addition, GFP-KHC-stalk 
bound to myc-JIPl [554-7 11], a C-terminal JIP1 fragment con- 
taining the phosphotyrosine binding (PTB) domain (Fig. 2 F), 
whereas GFP-KHC-tail bound to myc-JIPl [285^140] (Fig. 2 G). 
Further experiments with an N-terminal fragment, JIP1 [1-390], 
demonstrated no binding (Fig. S2 B), which effectively restricts 
the minimal KHC-tail-binding domain to aa 391^440. These 
distinct binding sites confirm that KHC stalk and tail interact 
with separate regions of JIP1 and suggest that dual interactions 
may function to enhance the association of JIP1 to KHC. 



JIP1 relieves KHC autoinhibition and 
activates KHC motility in vitro 

In the cell, KHC tail binds to the KHC motor head domain to 
autoinhibit its ATPase activity, which likely prevents wasteful 
ATP hydrolysis and microtubule track congestion (Verhey and 
Hammond, 2009). This well-characterized interaction occurs 
via hydrogen bonding between the basic IAK motif in the tail 
and acidic residues on the motor head (Kaan et al., 201 1). Inter- 
estingly, the minimal KHC-tail-binding domain in JIPl (aa 39 1- 
440) contains 22% acidic residues (Fig. S2 C) and may compete 
against KHC head for binding to KHC tail. Hence, we hypothe- 
sized that binding of KHC tail to JIPl relieves KHC autoinhibi- 
tion and activates KHC motility. 

To test this idea functionally, we used an in vitro single 
molecule motility assay (Blasius et al., 2007). COS7 cells trans- 
fected with full-length KHC containing a C-terminal HaloTag 
(KHC-Halo) were incubated with membrane-permeable red 
TMR-conjugated HaloTag ligand and lysed. When applied to flow 
chambers containing immobilized green microtubules, fluores- 
cent KHC-Halo from COS7 lysates can be visualized by total in- 
ternal reflection fluorescence (TIRF) microscopy (Fig. 3, A-C). 
Consistent with the established mechanism of full-length KHC 



498 JCB • VOLUME 2DS • NUMBER 3 • 2D1 3 



autoinhibition, KHC-Halo alone showed only rare non-motile 
microtubule binding events and runs (Fig. 3, D and E; and 
Video 2), which may be attributed to stochastic KHC unfolding 
or activation by endogenous KHC-binding adaptors that are 
present at low levels in the cell lysate. As a positive control, 
we also imaged the motility of KHC-Head-Halo (aa 1-560), 
which exhibited a mean run length of ^2 urn and mean speed of 
M155 um/s (Fig. 3, F and G), values comparable to those of re- 
combinant KHC head (Dixit et al., 2008). 

When combined with myc-JIPl lysate, the frequency of 
KHC-Halo processive runs increased by more than fivefold 
(Fig. 3 D and Video 2). Addition of myc-JIPl also significantly 
increases the number of stationary binding events (Fig. 3 E), 
indicating that JIP1 binding increased the probability of KHC 
unfolding. Moreover, KHC-Halo runs in the presence of myc- 
JIPl were significantly faster and had longer run lengths, which 
doubled to ^5 urn (Fig. 3, F and G) with ~15% of motile events 
reaching run lengths >8 um (Fig. S3). 

To explore the functional consequence of distinct JIP1 
interactions with KHC stalk and tail, we tested the effects of JIP1 
tail-binding domain (JIP1-TBD; aa 285^140) or JJP1 stalk-binding 
domain (SBD; aa 554-711) on KHC motility. Addition of JIP1- 
TBD or JIP1-SBD increased the number of motile KHC runs 
(Fig. 3 D), indicating that either fragment is sufficient to activate 
KHC. Interestingly, when compared with the KHC-Halo alone, 
addition of JIP1-TBD increased the number of non-motile micro- 
tubule binding events, but JIP1-SBD did not (Fig. 3 E), suggesting 
that a greater percentage of KHC unfolding events are converted 
into runs in the presence of JIP1-SBD. 

However, neither JIP1-TBD nor JIP1-SBD was able to 
fully recapitulate the processive properties of KHC-Halo in the 
presence of full-length JIP1. Though addition of either JIP-TBD 
or JIP1-SBD increased KHC-Halo run length relative to the 
condition lacking JIP1, run lengths in the presence of JIP1-SBD 
were significantly shorter (by ^12%) than those in the presence 
of full-length JIP1 (Fig. 3 F). Histograms of run length distribu- 
tion indicate that this lower mean is the result of a higher pro- 
portion of short runs (<2 um) and not because of an inability of 
JIP1-SBD to sustain long runs (Fig. S3). Moreover, addition of 
JIP1-SBD, but not JIP1-TBD, increased KHC-Halo speed rela- 
tive to KHC alone (Fig. 3 G), suggesting that binding of KHC 
stalk to JIP1 may function to enhance KHC speed. Thus, although 
either JIP1-SBD or JIP1-TBD is sufficient to activate KHC mo- 
tility in vitro, binding of JIP1 to both KHC stalk and tail likely 
amplifies the fidelity of the JIP1-KHC interaction, allowing 
KHC to remain unfolded and process along the microtubule 
more quickly and for longer run lengths. 

JIPl associates with retrograde motors 
via direct binding to the p150 Glued subunit 
of dynactin 

The ability of JIPl to activate KHC motility is consistent with 
the observed disruption of anterograde APP transport upon JIPl 
depletion in DRGs (Fig. I, D-F), but these knockdown results 
also induced deficits in retrograde APP transport. To investi- 
gate whether JIPl associates with the retrograde motor com- 
plex, we performed coimmunoprecipitations using mouse brain 



homogenate and detected an interaction between JIPl and the 
pl50 Glued subunit of the dynein activator dynactin. An anti- 
pi 50 Glucd antibody coimmunoprecipitates both HO- and 90-kD 
bands of JIPl; an anti-JIPl antibody also coimmunoprecipitates 
pl50 Glllcd , although to a lesser extent (Fig. 4 A), perhaps because 
of the additional nonmotor scaffolding functions of JIPl in the 
JNK signaling pathway (Dickens et al., 1997). In addition to 
this biochemical interaction, both JJPl and pl50 Glued are enriched 
at the distal axon tip (Dajas-Bailador et al., 2008; Moughamian 
and Holzbaur, 20 12). 

To further define the interaction between pl50 Glued and 
JIPl, we performed a series of coimmunoprecipitations using 
ly sates from COS7 cells cotransfected with full-length JIPl 
and truncated pl50 Glued . These experiments revealed that JIPl 
does not bind to an N- terminal pl50 Glued fragment (aa 1-880) 
containing both the microtubule-binding CAP-Gly domain 
and the dynein-binding CC1 domain. Rather, JIPl bound robustly 
to a C-terminal pl50 Glued construct containing aa 880-1278 
(Fig. 4 B), which will henceforth be referred to as the 
pl50 Giued car g 0 _bi n ding domain (pl50 Glued -CBD). We further 
refined this binding domain using recombinant purified full- 
length His- JIPl and a C-terminal pl50 Glued fragment that ex- 
cludes the CC2 region (aa 1049-1278; Fig. 4 D). When applied 
to a column with bound His-JIPl, MBP did not bind to His- 
JIP1, whereas MBP-pl50 Glued [1049-1278] was specifically 
retained (Fig. 4 C). Interestingly, smaller copurifying frag- 
ments of MBP-pl50 Glued [1049-1278] (Fig. 4 C, second lane) 
did not bind to His-JIPl (fourth lane), suggesting that the 
last ^400 aa of the C terminus of pl50 Glued are essential for 
JIPl binding. 

C-terminal pl50 Glued also associates with other cargo 
adaptors, including huntingtin-associated protein 1 (HAP1; 
Engelender et al., 1997), Rab7-interacting lysosomal protein 
(RILP; Johansson et al., 2007), Sec23p (Watson et al., 2005), 
and the retromer subunit SNX6 (Hong et al., 2009; Wassmer 
et al., 2009). A comparison of binding studies shows that they 
all bind to the pl50 Glued region spanning aa 1049-1278 (Fig. 4 E). 
If multiple cargo adaptors share this common binding domain, 
then they are expected to compete for binding to pl50 Glued . To 
test this idea, we transfected COS7 cells with fixed amounts 
of JIPl and pl50 Glued DNA and increasing amounts of SNX6 
DNA. Communoprecipitations showed that at lower levels of 
SNX6 expression, pl50 Glued predominantly binds to JIPl, but 
that at higher levels of SNX6 expression, pl50 Glued predomi- 
nantly binds to SNX6 (Fig. 4 F). This competitive binding be- 
tween SNX6 and JIPl suggests that they share a binding site on 
C-terminal pi 50 Glued . 

Next, we performed a series of coimmunoprecipitations 
using COS7 cells cotransfected with full-length pl50 Gllled and 
truncated JIPl. These experiments show that the interaction be- 
tween pl50 Glued and JIPl is KLC independent, because FLAG- 
pl50 Giued robustly binds m yc-JIPl [307-700], which lacks the 
C-terminal KLC-BD. Interestingly, FLAG-pl50 Glued binds to 
both myc-JIPl [441-565] and myc-JIPl[554-711] (Fig. 4 G). 
The myc-JIPl [441-565] fragment contains the SH3 dimeriza- 
tion domain of JIPl (Kristensen et al., 2006) and thus may bind 
to endogenous full-length JIPl. 
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Fiqure 4. JIP1 binds directly to the pl50 Gluetl subunit of 
dynactin. (A) Endogenous JIP1 and pl50 Glued coimmunopre- 
cipitate from mouse brain homogenate. (B) JIP1 binds to the 
C-terminal pi 50 Glued -CBD. Lysates from COS7 cells cotrans- 
fected with myc-JIPl and FLAG-pl 50 Glued fragments were 
immunoprecipitated with an anti-FLAG antibody. JIP1 coim- 
munoprecipitated with C-terminal pi 50 GI " ed [880-l 278], 
but not with N-terminal pl50 GI ™ d [1-880]. (C) J1P1 binds 
directly to Gterminal pl50 Glued . When applied to His-Bind 
resin bound to His-JIPl, MBP-pl 50 Glued [l 049-1 278] selec- 
tively bound whereas MBP did not. (D) Summary of pl50 GI '" ,d 
and JIP1 mapping results. (E) A diverse set of cargo adap- 
tors binds to pl50 Glu<,d -CBD. (F) SNX6 and JIP1 bind com- 
petitively to pl50 Glued . Lysates from COS7 cells transfected 
with fixed amounts of FLAG-pl 50 and myc-JIPl DNA and 
progressively increasing amounts of GFP-SNX6 DNA were 
immunoprecipitated with anti-FLAG antibody. FLAG-pl 50 co- 
immunoprecipitates predominantly with myc-JIPl in the low 
GFP-SNX6 condition, but mostly with GFP-SNX6 in the high 
GFP-SNX6 condition. (G) Gterminal JIP1 binds to pl50 Glued . 
Lysates from COS7 cells cotransfected with FLAG-pl 5 0 Glusd 
and myc-JIPl fragments were immunoprecipitated with an 
anti-myc antibody, pi 50 Glued coimmunoprecipitated with both 
myc-JIPl [441-565] and myc-JIPl [554-71 1]; the presence 
of both these domains in JIP1 (myc-JIPl [441-71 1]) did not 
strengthen the interaction. Asterisk shows antibody light 
chain bands. 
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Anterograde and retrograde JIP1 motile 
complexes are mutually exclusive 

In addition to the known interaction of JIP1 with KLC, we have 
now identified three novel interactions of JIP1 with KHC stalk, 
KHC tail, and pl50 Glued -CBD (Fig. 5 A). These interactions 
establish JIP1 as a scaffolding protein that binds to both antero- 
grade and retrograde motor complexes; other proteins with this 
ability include the huntingtin-IJAPl complex (Engelender et al., 
1997; McGuire et al., 2006; Caviston et al, 2007; Twelvetrees 
et al., 2010), JIP3 (Cavalli et al, 2005; Arimoto et al., 2011; 
Sun et al, 2011), and Milton/TRAK (Glater et al., 2006; van 
Spronsen et al., 2013). 

However, it is unclear whether anterograde and retrograde 
motor complexes interact with scaffolding proteins simultane- 
ously or alternatingly. Because KHC stalk and pl50 Glued share a 
binding domain at the C-terminal PTB region of JIP1 (Figs. 2 F 
and 4 G), we hypothesized that KHC and pl50 Glued compete for 
binding to JIP1. Thus, we asked whether pl50 Glued and KHC 
stalk can simultaneously bind to JIP1 by coexpressing myc-JIPl, 
FLAG-pl50 Glued , and GFP-KHC-stalk in COS7 cells. Immuno- 
precipitated GFP-KHC-stalk pulls down myc-JIPl, but no as- 
sociated FLAG-pl 50 Glued (Fig. 5 B); in the complementary 



experiment, immunoprecipitated FLAG-pl 50 Glued robustly pulled 
down myc-JIPl, but no associated GFP-KHC-stalk (Fig. 5 D). 
This suggests that KHC stalk and pl50 Glued cannot form a tripar- 
tite complex with JIP1, consistent with KHC stalk and pl50 Glued 
sharing a binding domain at the PTB region in JIP1. 

A similar triple transfection was performed using GFP- 
KHC-tail; coimmunoprecipitation against KHC tail also revealed 
no coeluted FLAG-pl 50 Glued (Fig. 5 C). Likewise, the comple- 
mentary immunoprecipitation against FLAG-pl 50 Glued pulled 
down myc-JIPl, but no associated KHC tail (Fig. 5 D). Though 
pl50 Glued and KHC tail do not share a common binding domain, 
KHC tail binding to JIP1 may sterically hinder pl50 Glued bind- 
ing in the three-dimensional structure of full-length JIP1, which 
remains unsolved. The results of these experiments are consis- 
tent with the exclusion of pl50 Glued from the JIP1-KHC complex 
and the exclusion of KHC from the JIPl-pl50 Glued complex. 

Because the KLC-BD and the pl50 Glued -binding domain 
on JIP1 do not overlap, we hypothesized that KLC and pl50 Glued 
would be able to form a tripartite complex with JIP1 . To address 
this, we performed triple transfections in COS7 cells with HA- 
KLC, FLAG-pl 50 Glued , and myc-JIPl and immunoprecipitated 
against the tags for KLC and pl50 Glued . Although HA-KLC and 
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KLC as both FLAG and HA antibodies immunoprecipitate triple complexes of FLAG-pl 50 Gluad , myc-JIPl 
JIPI motile complexes. The anterograde JIPI complex activates KHC motility via direct binding to both stalk and tail domains 

neously to pi 50 Gluad ; KLC may remain bound via the C-terminal tail of JIPI (Verhey et al., 2001 ). The retrograde JIPI complex binds directly to pi 50 GI 
to facilitate dynein-mediated transport and may retain autoinhibited KHC via simultaneous binding to KLC (right). 



Figure 5. Anterograde and retrograde JIPI 
motor complexes are mutually exclusive. 

(A) Summary schematic of direct binding inter- 
actions between JIPI , Kinesin-1 , and dynactin. 

(B) JIPI cannot bind simultaneously to both 
pl50 Glusd and KHC stalk. Lysates from COS7 
cells triple transfected with myc-JIPl, FLAG- 
pl 50 Glued , and GFP-KHC-stalk were immuno- 
precipitated with an anti-GFP antibody. 
FLAG-pl 50 GI " ed and GFP-KHC-stalk do not 
interact with each other either in the absence 
or presence of myc-JIPl . (C) JIPI cannot bind 
simultaneously to both pl50 Glued and KHC tail. 
Lysates from COS7 cells triple transfected with 
myc-JIPl, FLAG-pl 50 Glued , and GFP-KHC-tail 
were immunoprecipitated with an anti-GFP 
antibody. FLAG-pl 50 Glued and GFP-KHC-tail 
do not interact with each other either in the 
absence or presence of myc-JIPl . (D) JIPI can- 
not bind simultaneously to pi 50 Glued and KHC. 
Lysates from COS7 cells triple transfected with 
myc-JIPl, FLAG-pl 50 GI " ed , and either GFP- 
KHC-tail or GFP-KHC-stalk were immunopre- 
cipitated with an anti-pl 50 GI " od antibody. 
Though robust levels of FLAG-pl 50 Glued and 
associated myc-JIPl are coimmunoprecipi- 
tated, no interacting GFP-KHC-stalk or GFP- 
KHC-tail can be detected. (E) JIPI can bind 
simultaneously to both pl50 Glued and KLC. 
Lysates from COS7 cells triple transfected with 
myc-JIPl, FLAG-pl 50 Glued , and HA-KLC were 
immunoprecipitated with either an anti-FLAG 
or anti-HA antibody. In the absence of myc- 
JIPl, FLAG-pl 50 Glued and HA-KLC do not in- 
teract. The addition of myc-JIPl facilitates the 
indirect interaction between pl50 G and 

and HA-KLC. (F) Model of two mutually exclusive 
eft) but cannot bind simulta- 



FLAG-pl50 do not coimmunoprecipitate in control lysates 
lacking exogenous JIPI, cotransfection of myc-JIPl leads to 
formation of a tripartite complex containing KLC, pl50 Glued , 
and JIPI (Fig. 5 E), which is consistent with the colocalization 
of KLC and dynein on APP vesicles in neurons (Szpankowski 
etal.,2012). 

Collectively, these binding experiments suggest that the 
JIPI motile complex exists in two mutually exclusive states. In 
one conformation, JIPI binds directly to both KHC stalk and 
tail and excludes pl50 Glued from binding to JIPI. This JIPI com- 
plex likely mediates anterograde transport, consistent with the 
ability of JIPI to activate full-length KHC motility. In another 
conformation, JIPI binds directly to pl50 Gllied to mediate retro- 
grade transport and can simultaneously bind to KLC (Fig. 5 E). 
However, because KHC cannot directly bind to this pl50 Glued - 
associated JIPI complex, simultaneous binding of KLC may 
function to retain autoinhibited KHC on the vesicle. This model 
is consistent with previous studies showing that KLC is inhibi- 
tory to microtubule binding (Verhey et al., 1998) and KHC mo- 
tility in vitro (Friedman and Vale, 1999), and that the JIPI 
KLC-BD is sufficient for KHC recruitment to vesicles, but not 
for activation of motility (Kawano et al., 2012). 

Furthermore, we affirmed that these JIPI complexes in- 
deed associate with APP. Immunoprecipitation of JIPI and APP 
from mouse brain homogenate pulls down the expected set of 



associated motors, including KHC, pi 50 , and dynein inter- 
mediate chain (Fig. S4 A). Immunostaining of nontransfected 
cultured DRGs shows that endogenous APP and JIPI colocal- 
ize on puncta along the axon (Fig. S4 B). Moreover, these com- 
plexes are functional, as fluorescently tagged JIPI and APP 
comigrate on both anterograde and retrograde moving vesicles 
along DRG axons (Fig. S4, C and D). 

p150 GIU6d binding competitively inhibits 
activation of KHC by JIP1 and disrupts 
anterograde APP transport 

Binding experiments show that KHC and pl50 Glued cannot 
bind simultaneously to JIPI and likely compete for binding 
to JIPI. Thus, we hypothesized that pl50 Glued binding to JIPI 
will functionally disrupt KHC activation in vitro. To this end, 
we performed motility experiments in which pl50 Glued -CBD 
lysates were mixed first with JIPI lysates and then KHC-Halo 
lysates. The addition of pl50 Glued -CBD severely disrupted the 
ability of JIPI to activate KHC motility and only rare short 
runs could be observed (Fig. 6 A and Video 3). When normal- 
ized to KHC-Halo motility in the presence of JIPI, addition 
of pl50 Glued -CBD significantly decreases both the relative fre- 
quency of stationary microtubule-binding events and runs as 
well as run length with no significant changes in speed (Fig. 6 B). 
Moreover, at constant levels of JIPI, addition of increasing 
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Anterograde Retrograde 

Figure 6. pl50 Glued -CBD disrupts JIP1 -mediated KHC motility in vitro and anterograde APP-positive vesicle transport in DRGs. (A) Representative kymo- 
graphs show that addition of pi 50 Gluad -CBD disrupts enhancement of KHC-Halo motility by JIP1 . Lysate from COS7 cells transfected with myc-JIPl were 
combined with FLAG-pl 50 GI " ed -CBD lysate and immediately combined with KHC-Halo lysate. This lysate mixture was applied to flow chambers containing 
immobilized fluorescent microtubules and imaged. 1 00 total frames (~33 s) are shown. (B) Addition of pi 50 Glued -CBD decreases the number of motile KHC 
events mediated by JIP1 . Motility measurements in the presence of FLAG-pl 50 GI " ed -CBD were normalized to the condition containing only myc-JIPl and 
KHC-Halo and represent three independent experiments (n = 60-1 00 microtubules and n = 23-2 1 4 runs). (C) pi 50 Glued -CBD competitively inhibits JIPl - 
mediated KHC motility in vitro. At constant levels of myc-JIPl lysate, addition of incrementally higher levels of pi 50 Glusd -CBD lysate leads to complementary 
decreases in relative KHC-Halo run frequency. Data represents three independent experiments (n = 6-52 microtubules). (D) Kymographs of APP-DsRed 
motility in DRGs transfected with a bicistronic construct coexpressing FLAG-pl 50 -CBD and GFP. Approximately 80 total frames (~20 s) are shown. 
(E) Expression of pi 50 Glued -CBD significantly decreases the percentage of anterograde APP-positive vesicles and correspondingly increases the per- 
centage of arrested vesicles. (E-G) Data represent four independent experiments (n = 12-14 neurons). (F and G) Expression of pi 50 Glued -CBD signifi- 
cantly decreases run length and speed of both anterograde and retrograde APP-positive vesicles. Means represent only vesicles categorized as motile 
(i.e., anterograde or retrograde in E). Error bars show the mean ± SEM; *, P < 0.05; **, P < 0.01 ; ***, P < 0.001 . 



amounls of pi 50 -CBD resulled in incremental decreases 
in KHC run frequency (Fig. 6 C), suggesting that inhibition of 
JIP1 -mediated KHC motility by pl50 Glued occurs in a competi- 
tive manner. 

To detect whether pl50 Glued binding to JIP1 also disrupts 
motility in neurons, we imaged APP-DsRed transport in DRGs 
cotransfected with a bicistronic vector coexpressing pl50 Glued - 
CBD and a GFP transfection marker. The overall number of APP- 
positive vesicles in the axon did not change significantly upon 
pl50 Glued -CBD expression (control, 0.37 ± 0.05/um; pl50 Glued - 
CBD, 0.42 ± 0.08/um). However, neurons expressing pl50 Glued - 
CBD showed dramatic inhibition of APP transport in both 
anterograde and retrograde directions, with a majority of arrested 
APP-positive vesicles (Fig. 6, D and E; and Video 4). Moreover, 
pl50 Glued -CBD expression in DRGs also decreased the run lengths 
and speeds of both anterograde and retrograde APP-positive 
vesicles (Fig. 6, F and G). In the retrograde direction, pl50 Glued - 
CBD likely acts as dominant negative by competing against en- 
dogenous full-length pl50 Glued for JIP1 binding, whereas in the 
anterograde direction pl50 Glued -CBD likely prevents formation 
of the anterograde JIP1 motile complex by disrupting the bind- 
ing of KHC to JIP 1 . 



JIP1 phosphorylation enhances KHC 
activation in vitro and promotes 
anterograde APP transport 

To further validate the mechanism regulating switching be- 
tween the anterograde and retrograde JIPl motile complexes, 
we endeavored to identify a regulatory mechanism controlling 
JIPl binding activity. A previous study in Drosophila melano- 
gaster suggests a role for JNK in the regulation of JIPl -mediated 
transport of synaptic vesicles (Horiuchi et al., 2007). Immunopre- 
cipitation of KHC from mouse brain homogenate preferentially 
pulls down an ~ 120-kD JIPl band (Fig. 2 A). This ~ 120-kD 
JIPl band as well as a lower molecular mass JIPl band are 
phosphoproteins, as they are dephosphorylated upon X phos- 
phatase treatment (Fig. S5 A). These observations suggest that 
phospho-JIPl preferentially binds to KHC. In addition, expres- 
sion of truncated JIPl [307-554], which overlaps with JIPl-TBD, 
results in an additional phosphorylated band, which selectively 
binds to KHC tail; further, this binding is significantly disrupted 
in the absence of phosphatase inhibitors (Fig. S5 B). 

Thus, to identify JIPl phosphorylation sites that enhance 
binding to KHC tail, we superimposed a map of known JIPl phos- 
phorylation sites (Nihalani et al., 2003; D' Ambrosio et al., 2006) 
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Figure 7. Mutations of the JNK phosphorylation site S421 in JIP1 alter KHC activation in vitro and APP directionality in neurons. (A) Mutations at JIP1-S421 
alter KHC-tail-binding ability. COS7 cells were cotransfected with GFP-KHC-tail and wild-type or mutant myc-JIPl and immunoprecipitated with anti-myc 
antibody. (B) Representative kymographs of KHC-Halo motility show weak activation by myc-JIPl -S42 1 A and enhanced activation by myc-JIPl -S42 1 D in 
in vitro motility assays. 100 total frames (~33 s) are shown. (C) KHC-Halo run frequencies in vitro decrease in the presence of JIP1-S421 A and increase 
in the presence of JIP1-S421 D. (C-E) Data from three independent experiments (n = 48-101 microtubules and n = 1 8-254 runs) are shown and statistical 
comparisons were made versus the wild-type JIP1 condition. (D) KHC-Halo run length is decreased with addition of JIP1-S421 A. (E) KHC-Halo speed is in- 
creased with addition of JIP1-S42 1 D. (F) Representative kymographs of APP-YFP motility in DRGs transfected with siRNA targeted to mouse JIP1 and rescued 
with a bicistronic construct coexpressing human wild-type or mutant JIP1 as well as the fluorescent transfection marker BFP. (G) DRGs expressing JIP1 -S42 1 D 
have increased percentages of anterograde APP vesicles, whereas DRGs expressing JIP1-S421 A have increased percentages of retrograde APP vesicles. 
(G-l) Data from three independent experiments (n = 7-9 neurons and n = 78-224 runs) are shown with statistical comparisons made against the wild-type 
rescue condition. (H) APP-positive vesicles in DRGs expressing JIP1-S421 A have decreased anterograde run length, whereas those expressing JIP1-S421 D 
have decreased retrograde run length. (I) No significant differences are observed in APP speeds in DRGs expressing JIP1 -S42 1 phosphomutants. Error bars 
show the mean ± SEM; *, P < 0.05; **, P < 0.01 . 



onto our map of motor binding domains (Fig. S5 C). Though no 
known phosphorylation sites are in C-terminal JIP1 where KLC 
and KHC stalk, the minimal KHC-tail-binding domain of JIP1 
(aa 391-440) contains a proline-directed site, S421, previously 
demonstrated to be directly phosphorylated by JNK in vitro 
(Nihalani et al., 2003). This region of JIP1 is heavily conserved 
in humans and rodents (Fig. S5 D) and may represent a conserved 
KHC-tail-binding motif, as a similar region is found within the 
KHC-tail-binding domain of JIP3 (Fig. S5 E). 

Because the minimal KHC-tail-binding domain of JIP1 con- 
tains a high percentage of negatively charged residues (Fig. S2 C), 
we hypothesized that phosphorylation in this region would fur- 
ther strengthen the interaction of JIP1 with the positively charged 
IAK region of KHC tail responsible for autoinhibition. Initially, 



we tested the ability of JIP1 phosphomutants to bind to KHC 
tail in COS7 lysates; whereas phosphodeficient JIP1-S421A 
binds weakly to KHC tail, phosphomimetic JIP1-S421D binds 
more robustly to KHC tail than wild-type JIP1 (Fig. 7 A). Next, 
we confirmed that JIP1-S421 phosphomutants also have altered 
ability to activate full-length KHC motility in vitro (Fig. 7 B 
and Video 5). Relative to wild-type JIP1, JIP1-S421A activated 
fewer KHC runs with shorter run lengths and no change in speed, 
whereas JIP1-S421D activated more runs with faster speed and 
no change in run length (Fig. 7, C-E). 

Finally, we tested the effect of JIP1 phosphorylation on 
APP transport in DRGs by knockdown of endogenous JIP1 and 
rescue with a bicistronic vector coexpressing human wild-type 
or mutant JIP1 and a BFP transfection marker (Fig. 7 F and 
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Video 6). When compared with neurons rescued with wild-type 
JIP1, neurons expressing JIP1-S421D have increased antero- 
grade APP transport. Conversely, neurons rescued with JIP1- 
S421A have decreased anterograde and increased retrograde 
APP transport (Fig. 7 G). These shifts in direction of APP trans- 
port are consistent with the association of phospho-JIPl in the 
anterograde JIP1 motile complex and of nonphosphorylated JIP1 
in the retrograde JIP1 motile complex (Fig. 5 F). 

When compared with neurons rescued with wild-type JIP1, 
neurons expressing JIP1-S421A exhibited decreased antero- 
grade run length, whereas JIP1-S421D exhibited decreased 
retrograde run length (Fig. 7 H). This indicates that nonphos- 
phorylated JIP1 cannot sustain long anterograde runs whereas 
phospho-JIPl cannot sustain long retrograde runs. Though no 
significant changes in APP speed were observed when rescuing 
with either JIP1 phosphomutant (Fig. 7 I), rescue with JIP1- 
S421D doubled the percentage of anterograde APP runs with 
speeds higher than 2.5 um/s (Fig. S5 F). Interestingly, trends in 
anterograde APP motility in neurons closely parallel KHC acti- 
vation measurements in vitro (Fig. 7, C-E), consistent with 
our model that facilitation of an anterograde motile complex 
by JIP1 phosphorylation may underlie these observed changes 
in APP axonal transport. 



Discussion 

Here, we examine the coordinated regulation of APP axonal 
transport by the scaffolding protein JIP1, which mediates the 
activity of both anterograde and retrograde motors via direct 
binding to KHC stalk and tail and the pl50 Glued subunit of dyn- 
actin. In vitro motility assays demonstrate that binding of JIP1 
relieves autoinhibition of full-length KHC and enhances KHC 
processivity. Coimmunoprecipitations indicating that KHC and 
pl50 Glued cannot simultaneously bind to JIP1 led us to posit a 
model whereby JIP1 switches between two mutually exclusive 
conformations — an anterograde KHC-bound state and a retro- 
grade pl50 Glued -bound state. Indeed, binding of pl50 Glued -CBD 
to JIP1 competitively disrupts enhancement of KHC motility by 
JIP1 in vitro and perturbs anterograde APP transport in neurons. 
Further, direct phosphorylation by JNK likely regulates the di- 
rectional switching of JIP1, as phosphomimetic JIP1-S421D 
enhances KHC tail binding and promotes anterograde APP axo- 
nal transport. 

Direct binding of JIP1 to KHC stalk represents a novel 
mechanism for KHC activation by an adaptor protein. The flex- 
ibility of the stalk or hinge region of KHC was first observed 
in electron micrographs showing folding or bending of KHC 
(Hirokawa et al., 1989). A hingeless KHC mutant displays weak 
autoinhibition, moving with higher speeds than full-length KHC 
(Friedman and Vale, 1999), suggesting that the stalk is neces- 
sary for KHC bending and tail-to-head binding. Indeed, the 
minimal JIP1 -binding domain that we identified for KHC stalk 
(aa 560-682) overlaps with the truncated region in this hinge- 
less KHC mutant (aa 505-610). In vitro, binding of JIP1-SBD 
to KHC stalk enhances run frequency and speed. Thus, binding 
of JIP1 to KHC stalk may conformationally restrain this flexible 



hinge region and hold KHC head and tail apart, effectively pre- 
venting KHC autoinhibition. 

We find that both KHC stalk and tail interactions with JIP1 
are necessary for maximal enhancement of KHC processivity, 
as addition of JIP1-TBD in vitro cannot increase KHC speed and 
JIP1-SBD does not enhance run lengths as efficiently as full- 
length JIP1. Consistent with the established stoichiometry that 
one KHC tail is sufficient to autoinhibit a motor head dimer 
(Hackney et al., 2009), the redundancy of multiple KHC bind- 
ing sites on JIP1 may function to decrease the likelihood of full- 
length KHC returning to its autoinhibited conformation once 
bound to cargo. Moreover, the ability of JIP1 to dimerize via its 
SH3 domain (Kristensen et al., 2006) may allow recruitment of 
multiple Kinesin-1 motors onto a single APP-positive vesicle. 
This is consistent with the observation that long run lengths ob- 
served for APP in D. melanogaster are dependent on the activity 
of multiple KHCs (Reis et al., 2012) and with in vitro observa- 
tions that increasing KHC motor number on a DNA scaffold 
correlates with increased run length (Derr et al., 2012; Furuta 
etal., 2013). 

Though we have shown that direct binding of JIP1 to 
KHC is sufficient to activate motility in vitro, the majority of 
soluble Kinesin-1 in cells exists as a tetramer of KHC and 
KLC. Binding of KLC to KHC likely provides an additional 
layer of inhibition as addition of KLC decreases both micro- 
tubule binding (Blasius et al., 2007) and motility (Friedman 
and Vale, 1999) of KHC. In the presence of KLC, JIP1 is in- 
sufficient to activate KHC motility; activation of tetrameric 
Kinesin-1 requires an additional KHC-tail-binding partner, 
FEZ1 (Blasius et al., 2007). JIP1 and FEZ1 may cooperate in 
a stepwise manner where initial binding of JIP1 to KLC and 
binding of FEZ1 to KHC tail overcomes KHC autoinhibi- 
tion, thus priming KHC for binding to JIP1, which then sus- 
tains anterograde transport via dual interactions with KHC 
stalk and tail. 

Binding of JIP1 to KLC may also function to recruit Kinesin- 1 
to cargos. Several scaffolding proteins initially identified as 
KLC binding partners, including JIP3 (Bowman et al., 2000) 
and HAP1 (McGuire et al., 2006), also bind directly to KHC 
(Twelvetrees et al., 2010; Sun et al., 2011). Our biochemical 
observation that KLC and pl50 Glued can bind simultaneously 
to JIP1 is consistent with colocalization of KLC and dynein 
on APP vesicles in neurons (Szpankowski et al., 2012). Thus 
we propose that KLC may function to retain autoinhibited 
KHC on the organelle during retrograde transport (Fig. 5 F), 
fitting recent experiments that show JIP1 KLC-BD can recruit 
Kinesin-1 to vesicles but cannot activate transport (Kawano 
et al., 2012). The positioning of oppositely directed motors on 
the same scaffolding protein complex may function as a primed 
state that is poised for rapid transitions between retrograde and 
anterograde transport. 

Together, our data support a model in which JIP1 phos- 
phorylation regulates transport by switching between two dis- 
tinct motile states. In contrast to an unregulated tug of war 
between opposing motors, mutually exclusive JIP1 motile com- 
plexes allow only one motor type to be active at any given time. 
Advantages to this regulatory scheme are twofold and particularly 
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relevant in the extended axon. First, by avoiding frequent back- 
and-forth saltatory movement that is characteristic of the tug- 
of-war model, JIP1 -coordinated transport can be sustained over 
long distances. Second, distinct anterograde and retrograde com- 
plexes confer directional bias for JIP1 -associated cargos, pro- 
moting efficient transport in both directions. These attributes 
are fully consistent with the observed transport of APP, as this 
cargo moves quickly for long distances in both anterograde and 
retrograde directions. 

Previous studies have also correlated posttranslational 
modifications of scaffolding proteins with directional transport 
changes, including phosphorylation of huntingtin in brain- 
derived neurotrophic factor-containing vesicles (Colin et al., 
2008) and sumoylation of La in mRNA transport (van Niekerk 
et al., 2007). Here, we propose that direct phosphorylation 
of JIP1 by JNK acts as a molecular switch at the cargo level 
and affects changes in directionality of transport via direct 
alteration of motor binding affinities. Indeed, phosphomimetic 
JIP1-S421D shows enhanced binding to KHC tail and promotes 
anterograde APP transport, whereas phosphodeficient JIP1- 
S421A has reduced binding to KHC tail and likely associates 
with pl50 Glued to promote retrograde APP transport. Surpris- 
ingly, JIP1-S421A, which has an intact SBD, is unable to in- 
crease KHC run frequency and run length, in marked contrast to 
the robust effects of the JIP1-SBD fragment on KHC activation. 
This suggests phosphorylation of S421 may also indirectly reg- 
ulate availability of C-terminal JIP1 for binding to KHC stalk, 
perhaps by inducing a conformation change that reveals the 
SBD. Though JIP1 S421 is directly phosphorylated by JNK 
in vitro (Nihalani et al., 2003) and synaptic vesicle transport in 
D. melanogaster relies on JNK and upstream kinases such as 
DLK (Horiuchi et al., 2007), further work will be required 
to directly correlate changes in JNK activity with changes in 
APP transport. 

Finally, multiple levels of regulation may modulate APP 
transport in vivo. JIP1 can oligomerize and cotransport with 
JIP3 (Hammond et al., 2008), which does not directly bind to 
APP, but may facilitate APP transport by enhancing APP phos- 
phorylation (Muresan and Muresan, 2005a), which in turn en- 
hances the binding of APP to JIP1 (Muresan and Muresan, 
2005b). Furthermore, reduction of endogenous GSK3 levels can 
enhance both anterograde and retrograde APP transport, likely 
via changes in microtubule acetylation and stability (Weaver 
etal.,2013). 

The molecular mechanism described here for the regula- 
tion of APP transport by JIP1 raises many further questions. 
Does JIP1 regulate the transport of other cargos along the axon? 
How might the mechanism for JIP1 -mediated transport of APP 
described here affect Ap production and Alzheimer's disease 
pathology? Although further work will be required to address 
these questions, our observations at both cellular and single 
molecule levels establish JIP1 as a coordinator of axonal trans- 
port that regulates transport directionality by alternating be- 
tween anterograde and retrograde motile states. These new 
mechanistic insights further support a critical role for scaffold- 
ing proteins in the coordination of kinesin and dynein motor 
activity in the cell. 



Materials and methods 

Cell culture and transfection 

Dissected adult mouse DRGs were treated with papain, collagenase, and 
dispose II, and then centrifuged through a 20% Percoll gradient (Perlson 
et al., 2009). Isolated DRGs were transfected using Amaxa Nucleofector 
SCN Program 6 (Lonza) and plated on glass-bottom microwell dishes 
(FluoroDish; World Precision Instruments) that were precoated with poly-L- 
lysine and laminin. DRGs were maintained in F12 media (Invitrogen) with 
10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 ug/ml strepto- 
mycin. For knockdown experiments, DRGs were transfected with fluores- 
cent red DY-547-conjugated siRNA (Thermo Fisher Scientific) and either 
APP-YFP or EGFP-Rab7. For pl50 Glued -CBD overexpression experiments, 
neurons were transfected with APP-DsRed and pBI-CMV2(AcGFP)-FLAG- 
pl 50 GI " 6d -CBD. ForJIPl knockdown and rescue experiments, neurons were 
transfected with DY-547-conjugated siRNA, APP-YFP, and pBI-CMV2(BFP)- 
JIP1(WT, S421A, or S421D). 

CAD cells were maintained in DMEM/F12 media supplemented 
with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 ug/ml 
streptomycin. CAD cells were differentiated by serum deprivation and 
transfected with siRNA using RNAiMAX (Lipofectamine), and then trans- 
fected with APP-YFP using Fugene6 (Roche) 24 h later. 

Live-cell imaging 

Cultured DRGs were imaged at 2 DIV in Hibernate A low-fluorescence 
medium (Brain Bits) inside a 37°C imaging chamber. Double- or triple- 
fluorescent neurons were observed at 63x using an epifluorescence micro- 
scope (DMI6000B; Leica) with a CTR7000 HS control box run by AF6000 
software (Leica) and an Orca-R2 camera (C10600; Hamamatsu Photonics). 
Images of APP transport were acquired at 250 ms per frame for 1 min. CAD 
cells were imaged using the same conditions 48 h after differentiation. 

Vesicle tracking and analysis 

APP-positive vesicles were analyzed by generating 50-pm kymographs (at 
least 200 urn from the soma) using Metamorph software. Motile particles 
(e.g., anterograde or retrograde) were defined as particles with net dis- 
placement >1 pm. Individual runs were defined as a run with constant veloc- 
ity; in other words, one vesicle can have several runs within the duration of 
a movie if it pauses or changes speed or direction. F-tests confirmed that 
neurons in different dishes are not significantly different; thus the neuron 
was defined as the biologically relevant unit and motility parameters were 
averaged for each neuron and subject to subsequent statistical analysis. 

Immunofluorescence 

Differentiated CAD cells or cultured DRGs were grown on glass coverslips 
and fixed with 4% paraformaldehyde, permeabilized with 0. 1 % Triton X-l 00, 
incubated 1 h in blocking solution (5% goat serum and 1% BSA), and then 
incubated with primary antibodies against JIP1 (B7; Santa Cruz Biotechnol- 
ogy, Inc.), pi 50 Gll " id (BD), and/or APP (EMD Millipore) followed by incuba- 
tion with species-specific fluorescent secondary antibodies. 

Coimmunoprecipitations 

COS7 cells transfected using Fugene6 (Roche) according to the manufac- 
turer's instructions were harvested 1 8-24 h after transfection and lysed 
using 0.5% Triton X-l 00 (in HEM buffer). Lysates were incubated with Pro- 
tein G-Dynabeads (Invitrogen) and coimmunoprecipitations were performed 
following the manufacturer's instructions using the following antibodies: 
anti-JIPl (B7; Santa Cruz Biotechnology, Inc.), anti-pl 50 Glued (BD), anti-KHC 
(1614; EMD Millipore), anti-FLAG (Sigma-Aldrich), anti-GFP (Takara Bio 
Inc.), anti-HA (Covance), and anti-myc (Invitrogen). All coimmunoprecipita- 
tions represent at least three independent experiments. 

Recombinant protein binding assays 

For KHC-stalk-binding assays, mouse KIF5C stalk (aa 560-682) was sub- 
cloned into the pGEX 6p .i vector (GE Healthcare), expressed in BL21 (DE3) 
Escherichia coli (EMD Millipore), and induced at an OD600 of ~0.6 for 
2 h with 0.4 mM IPTG. E. coli were lysed with lysozyme and treated with 
DNAase I and RNase A and the resulting supernatant was purified by bind- 
ing to glutathione Sepharose-4B (GE Healthcare). For KHC-stalk-binding 
experiments, pRSETA-His-JIPl (Nihalani et al., 2003) was expressed in 
BL21 E. coli and purified using His-Bind Resin (EMD Millipore) under dena- 
turing conditions using urea as previously described (Karki and Holzbaur, 
1995). Glutathione beads bound with either GST or GST-KHC-stalk[560- 
682] were incubated for 30 min at room temperature with purified His-JIPl , 
washed, and eluted with denaturing buffer. 
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For KHC-tail-binding assays, His-JIPI and His-KHC-tail[823-944] 
(Dietrich et al., 2008) were expressed in Rosetta E. coli and purified using His- 
Bind Resin following the manufacturer's protocol. Purified His-KHC-tail[823- 
944] with or without purified His-JIPI was incubated with Protein G-Dynabeads 
bound to anti-JIPl antibody, washed, and eluted with denaturing buffer. 

For pl50 Glued -binding assays, MBP-pl 50 Glued [1 049-1 278] (Johans- 
son et al., 2007) was expressed in Rosetta E. coli, purified using amylose 
resin (New England Biolabs, Inc.) following the manufacturer's protocol. 
Purified His-JIPI (from Rosetta E. coli) and MBP-pl 50 Gluad [1 049-1 278] 
were buffer exchanged into HEM buffer with 25 mM NaCI using PD10 
columns (GE Healthcare). His-Bind resin bound to His-JIPI was incubated 
for 30 min at room temperature with purified MBP or MBP-p 1 50 Glued [l 049- 
1278], washed, and eluted with denaturing buffer. All binding assays 
were performed at least two times. 

In vitro COS7 lysate motility assay 

This assay was adapted from Blasius et al. (2007). Transfected COS7 cells ex- 
pressing KHC-head-Halo (KIF5C[1-560]| or KHC-Halo were incubated with 
TMR ligand (Promega) following the manufacturer's instructions. COS7 cells 
were lysed in PI 2 buffer (12 mM Pipes, 2 mM MgCI 2 , and 1 mM EGTA, 
pH 6.8) with 0. 1 % Triton X-l 00 and cleared by centrifugation at 1 ,000 g and 
then 1 00,000 g. Flow chambers were constructed using two strips of double- 
sided tape between a slide and a coverslip and lined with vacuum grease to 
yield a chamber volume of ~10 pi. Four solutions were flowed sequentially 
into the chamber and incubated at room temperature for 5 min each: anti- 
tubulin antibody (Takara Bio Inc.), Pluronic F-127 (50 mg/ml), Taxol- 
stabilized fluorescent microtubules (HiLyte 488 tubulin; Cytoskeleton), and 
COS7 cell lysates in activation buffer (Cai et al., 2007). For each set of 
experiments, we conducted at least three independent trials, each with 
fresh lysate. To minimize variation between chambers, each chamber con- 
tained equal amounts of microtubules, KHC-Halo lysate, and total lysate 
(by adding nontransfected lysate). 

For each condition, we acquired multiple videos for each trial. Vid- 
eos were acquired at three frames per second for 1 min at room tempera- 
ture using an Ultraview Vox spinning disk TIRF system (PerkinElmer) on an 
inverted Ti microscope (Nikon) with the lOOx objective and an ImagEM 
C9100-13 camera (Hamamatsu Photonics) controlled by Volocity soft- 
ware. Kymographs of microtubules with lengths >1 0 urn were analyzed for 
stationary binding events and runs. Run frequency measurements were nor- 
malized with respect to microtubule length. Individual runs were measured 
at the level of each motile particle (i.e., each particle has one run length or 
net displacement and one speed measurement). 

Statistical analysis 

Statistical analysis was performed using Student's t test or one-way analysis 
of variance with post-hoc Tukey's test. For JIP1 mutant experiments, we used 
post-hoc Dunnett's Test, comparing against the control wild-type JIP1 rescue 
condition. Bar graphs were plotted as mean ± SEM and the following de- 
notations for statistical significance were used: *, P < 0.05; **, P < 0.01 ; 
***, P < 0.001; n.s., not significant. 

Online supplemental material 

Fig. SI shows disruption of APP transport by JIP1 knockdown in the CAD 
neuronal cell line. Fig. S2 includes information on His-JIPI purification and 
characterization of the minimal KHC-tail-binding domain. Fig. S3 is a his- 
togram of KHC run length distribution upon addition of full-length and trun- 
cated JIP1 . Fig. S4 demonstrates that APP and JIP1 form functional transport 
complexes using coimmunoprecipitations, immunostaining, and live-cell co- 
migration studies. Fig. S5 shows characterization of JIP1 phosphorylation in 
the brain and identification of the S421 phosphorylation site. In Video 1, 
JIP1 depletion disrupts APP-YFP motility in DRGs. In Video 2, JIP1 activates 
KHC-Halo motility in an in vitro single molecule TIRF assay. In Video 3, 
addition of FIAG-pl 50 Glued -CBD inhibits JIP1 -mediated enha ncement 
of KHC-Halo motility in vitro. In Video 4, expression of pi 50 Glu,,d -CBD 
disrupts APP-DsRed transport in DRGs. In Video 5, phosphorylation mu- 
tants at JIP1-S421 alter KHC activation in vitro. In Video 6, phosphor- 
ylation mutants at JIP1-S421 alter directionality of APP-YFP transport in 
DRGs. Online supplemental material is available at http://www.jcb.org/ 
cgi/content/full/jcb.201 302078/DC1 . 
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